Purpose: In magnetic resonance imaging of the brain, BLADE is used to compensate for head motion. The technique focuses mainly on acquisition of T 2 -weighted or contrast-enhanced T 1 -weighted images in adults; its utility for nonenhanced T 1 -weighted imaging in children is not well established. We compared the quality of T 1 -weighted ‰uid-attenuated inversion recovery brain imaging with BLADE (T 1 -FLAIR-BLADE) to that of conventional spin-echo T 1 -weighted imaging (T 1 -SE) in pediatric patients who cannot stay still during MR imaging.
Introduction
In 1999, Pipe reported the BLADE/PROPEL-LER (periodically rotated overlapping parallel lines with enhanced reconstruction) acquisition technique as an alternative k-space trajectory scheme to reduce gross motion artifacts on magnetic resonance (MR) imaging due to translation and rotation of the head. 1 BLADE has been increasingly applied in clinical settings, and its utility in acquiring T 2 -weighted images has been reported. [2] [3] [4] [5] [6] However, the application of this technique to conventional spin-echo T 1 -weighted imaging (T 1 -SE) is not straightforward because the rather long echo-train length the BLADE sequence requires to make à`b lade'' prolongs echo time (TE). When aiming to obtain aˆne T 1 contrast, the relatively long TE to acquire k-space information is a disadvantage.
To compensate for these drawbacks in acquiring T 1 -weighted images with BLADE, a technique has been proposed that combines an inversion recovery sequence 7 with BLADE (T 1 -weighted ‰uid-attenuated inversion recovery brain imaging with 
BLADE [T 1 -FLAIR-BLADE])
. The clinical use of T 1 -FLAIR-BLADE has been reported with or without gadolinium enhancement for brain imaging in adults 6, 8, 9 and with gadolinium contrast for brain imaging in children. 10 However, we believe the utility of T 1 -FLAIR-BLADE as a non-contrast-enhanced T 1 -weighted sequence in pediatric patients has not been well established. Such a sequence is crucial for brain imaging in children because it provides information for the detection and evaluation of several clinically important lesions such as cortical malformations, myelination development, loss of white matter volume, and metabolic disorders. In addition, motion-compensated imaging, such as that provided by T 1 -FLAIR-BLADE, is essential in pediatric patients who frequently have di‹culties keeping their head still during examination.
We compared the quality of T 1 -FLAIR-BLADE brain imaging and conventional T 1 -SE in pediatric patients who cannot stay still during MR imaging.
Materials and Methods
Our 2-part investigation consisted of a volunteer study to evaluate the contrast features of T 1 -SE, T 1 -FLAIR with a conventional Cartesian trajectory in k-space, and T 1 -FLAIR-BLADE and a retrospective clinical study to compare the quality of T 1 -FLAIR-BLADE brain imaging with that of conventional T 1 -SE.
Volunteer study
Six healthy volunteers (aged 23 to 43 years, mean 31.8 years) underwent MR imaging at both 1.5 and 3 tesla (Siemens MAGNETOM Avanto and Verio, Siemens Medical Solutions, Erlangen, Germany) to assess contrast in T 1 -weighted, T 1 -SE, T 1 -FLAIR, and T 1 -FLAIR-BLADE images. Table 1 delineates the parameters of each sequence.
Images were evaluated by visual inspection and by calculation of contrast-to-noise ratio (CNR); they were not compared between 1.5 and 3 T because scan parameters and scan times diŠered between them. Two board-certiˆed neuroradiologists (T.N., with 14 years' experience interpreting MR images, and R.W., with 6 years' experience) independently inspected the images visually to assess contrast between gray and white matter; the observers were blinded to sequence information and MR imaging system used and evaluated the images in random order. They scored contrast using a 4-point scale: 3, clear demonstration of border between gray and white matter; 2, mostly clear but partially indistinct border; 1, mostly indistinct but partly recognizable border; and 0, indistinct border. Each assessment was done at slice levels: slice 1,`l evel of the centrum semiovale,'' just above both lateral ventricles; slice 2,``level of the cerebral basal ganglia,'' on which both the genu and the splenium of the corpus callosum were most broadly demonstrated (acquisition of transverse slices parallel to the anterior-posterior commissure line enabled widest demonstration of the basal ganglia using this slice selection criterion); slice 3,``level of the posterior cranial fossa,'' on which the middle cerebellar peduncles were demonstrated (if 2 or more slices corresponded to this level, the slice that most broadly demonstrated the fourth ventricle was selected). The observers assessed contrast between gray and white matter at the borders be-tween: the cerebral cortex and medulla for slice 1 (level of the centrum semiovale); cerebral basal ganglia and white matter around them for slice 2 (level of the cerebral basal ganglia); gray and white matter of the cerebellum for slice 3 (level of the posterior cranial fossa). Scores of the 3 slices were averaged respectively in each volunteer case for comparison. CNR was calculated at the level of the cerebral basal ganglia, with a region of interest (ROI) placed in the bilateral caudate nucleus and surrounding white matter using the formula:
where M c is the signal intensity at the caudate nucleus and M w , in surrounding white matter, and SDc is the standard deviation at the caudate nucleus and SDw, in surrounding white matter. CNR at the right and left sides were averaged.
Clinical study Patients
Our local ethics review board approved this retrospective study and waived written informed consent. We searched our radiologic database for patients aged 12 years or younger who had undergone MR imaging of the brain between March 1 and May 31, 2010. We excluded patients younger than one year to avoid heterogeneity in image contrast caused by diŠerence in their myelination development that could bias the evaluation of image quality. We included only patients in whom both T 1 -SE and T 1 -FLAIR-BLADE sequences were performed. In our institution, pediatric brain MR imaging examination always included T 1 -SE; T 1 -FLAIR-BLADE was performed only if an experienced board-certiˆed pediatric neuroradiologist (N.A., with 25 years' experience) judged the quality of T 1 -SE insu‹cient for diagnosis because of motion artifacts. We also excluded cases demonstrating obvious structural abnormalities or lesions of abnormal signal intensity on MR imaging because our study aim was to evaluate the demonstration of normal anatomical structures.
Four hundred patients underwent brain MR imaging during the study period, 43 of whom showed some motion artifact in imaging and underwent T 1 -FLAIR-BLADE in addition to T 1 -SE. We excluded 21 patients under one year old, one patient over 12 years old, and one patient with diŠuse cortical gyral dysplasia. Finally, we selected 20 patients (13 boys, 7 girls; aged one to 12 years, mean, 6.6) for this study and retrospectively assessed their images.
Nine cases (6 boys, 3 girls, aged one to 12 years, mean 7.8) were examined using a 1.5T system and 11 cases (7 boys, 4 girls, aged one to 10 years, mean 6.1), using a 3T system. This allocation was planned according to clinical order and not in‰uenced by this study. The main indications for MR imaging were spasticity or weakness (n＝8), general screening (n＝7), slight mental retardation or delayed development (n＝3), postoperative fourth ventricle tumor (n＝1), and neuroˆbromatosis type 1 (NF-1) (n＝1). The patients with postoperative fourth ventricle tumor and NF-1 demonstrated normal signal intensity at the slice levels used for evaluation in this study, as we will describe in the following section.
MR Imaging
MR imaging was performed with either a 1.5-or 3T system (same as in the volunteer study). With both systems, either a 12-channel head coil or a combination of two 4-channel ‰ex coils was used for signal reception depending on patient head size and age. Routine clinical MR imaging sequences in our institution consisted of transverse and sagittal T 1 -SE, transverse and coronal T 2 -weighted fast spin-echo imaging, and transverse diŠusion-weighted imaging. Additional planes and sequences, such as FLAIR and contrast-enhanced T 1 -weighted imaging, were obtained depending on the disease. Patients who were younger than 6 years and/or uncooperative were sedated, but some aroused during examination so that motion suppression remained inadequate. In those patients, T 1 -FLAIR-BLADE was considered.
In all patients, both T 1 -SE and T 1 -FLAIR-BLADE images were obtained in a transverse plane. Scan parameters varied slightly among patients according to head size;ˆeld of view and slice thickness were adapted to head size. The number of slices wasˆxed to 20, gap was set to 20z of the slice thickness, and other sequence parameters were identical for all patients. Table 2 presents an overview of the sequence parameters applied. Matrix size was diŠerent between T 1 -SE and T 1 -FLAIR-BLADE with both MR imaging systems because T 1 -FLAIR-BLADE required a square-shaped matrix and T 1 -SE did not.
Image analysis
Two board-certiˆed neuroradiologists (N.A., with 25 years' experience in MR imaging interpretation, and T.N., with 14 years' experience) blinded to patient clinical information and the MR imaging system used independently evaluated the images in random order. Although images showed no sequence parameters, the observers could have recog- nized the sequence type under evaluation because of the very low signal intensity of the cerebrospinal ‰uid on T 1 -FLAIR-BLADE. Nevertheless, the observers were instructed to ignore sequence type and focus solely on evaluating the visibility of the cerebral gyri and contrast between gray and white matter, as will be described. For evaluation of both T 1 -SE and T 1 -FLAIR-BLADE images, 3 speciˆc slices wereˆrst selected in each patient. The criteria for slice selection were the same as in the volunteer study (slice 1, level of the centrum semiovale; slice 2, level of the cerebral basal ganglia; slice 3, level of the posterior cranial fossa). Each of the 3 slices in each patient was then evaluated with respect to the visibility of the cerebral gyri and contrast between gray and white matter. To assess demonstration of the cerebral gyri, images were rated using a 4-point scale: 3, clear demonstration of cerebral gyri without artifact; 2, clear demonstration of cerebral gyri with some small artifacts; 1, cerebral gyri recognizable but not clear; and 0, cerebral gyri poorly demonstrated. To evaluate the demonstration of the cerebral gyri on slice 3 (level of the posterior cranial fossa), the base of the temporal lobe was observed. To assess demonstration of the contrast between gray and white matter, images were scored using a 3-point scale: 2, clear demonstration of the border between gray and white matter; 1, unclear but recognizable border; and 0, indistinct border. Contrast between gray and white matter was assessed at the border between: the cerebral cortex and medulla for slice 1 (level of the centrum semiovale); cerebral basal ganglia and white matter around them for slice 2 (level of the cerebral basal ganglia); and gray and white matter of the cerebellum for slice 3 (level of the posterior cranial fossa).
Statistical analysis
We performed separate analyses for the images acquired at 1.5-and 3T MR imaging and for each observer's scores.
To obtain an overall score for each patient in both categories, we averaged each patient's scores for visibility of the cerebral gyri and for contrast between gray and white matter on the 3 slices. We used Wilcoxon signed-rank tests to compare overall scores between T 1 -SE and T 1 -FLAIR-BLADE and noted the numbers of patients in whom overall scores of T 1 -FLAIR-BLADE were superior, equal, and inferior to scores of T 1 -SE. We also used Wilcoxon signed-rank tests to compare original scores, i.e., those before averaging, for visibility of the cerebral gyri and for contrast between gray and white matter on the 3 slices between T 1 -FLAIR-BLADE and T 1 -SE. We did not compare scores between 1.5 and 3T because diŠerent patients were scanned with both systems. Pº0.05 was considered statistically signiˆcant. Statistical analyses were executed using Medcalcsoftware version 11.2.0.0 (MedCalc Software, Mariakerke, Belgium).
Results
Volunteer study At 1.5T, the range and median of the scores (minimum to maximum, median in parentheses) for Observer 1 were 1.0 to 1.3 (1.3) for T 1 -SE, 2.0 to 2.7 (2.3) for T 1 -FLAIR, and 2.3 to 3.0 (2.5) for T 1 -FLAIR-BLADE. For Observer 2, they were 1.0 to 1.3 (1.0) for T 1 -SE, 2.0 to 2.3 (2.0) for T 1 -FLAIR, and 2.2 to 2.3 (2.0) for T 1 -FLAIR-BLADE. The averages of the CNR (standard deviation in parentheses) were 0.63 (0.41) for T 1 -SE, 3.05 (0.29) for T 1 -FLAIR, and 2.88 (0.61) for T 1 - FLAIR-BLADE at 1.5T.
At 3T, the range and median scores (minimum to maximum, median in parentheses) for Observer 1 were 1.3 to 1.7 (1.3) for T 1 -SE, 2.7 to 3.0 (3.0) for T 1 -FLAIR, and 1.7 to 2.7 (2.3) for T 1 -FLAIR-BLADE. For Observer 2, they were 1.3 to 1.7 (1.3) for T 1 -SE, 2.0 to 3.0 (2.3) for T 1 -FLAIR, and 1.3 to 2.0 (1.7) for T 1 -FLAIR-BLADE. The averages of the CNR with standard deviation in parentheses were 0.85 (0.34) for T 1 -SE, 5.25 (0.59) for T 1 -FLAIR, and 6.03 (0.50) for T 1 -FLAIR-BLADE at 3T.
In both 1.5-and 3T MR imaging, visual inspection scores and calculated CNR were higher for T 1 -FLAIR-BLADE and T 1 -FLAIR than T 1 -SE. Tables 3 and 4 delineate the comparison of overall scores regarding visibility of the cerebral gyri and contrast between gray and white matter, and Table 5 indicates the comparison of the original scores on the corresponding slices. Figures 1  through 3 are representative T 1 -SE and T 1 -FLAIR-BLADE images.
Clinical study
The overall scores regarding visibility of the cerebral gyri were signiˆcantly higher (Pº0.05) with T 1 -FLAIR-BLADE than T 1 -SE at both 1.5 and 3T for both observers (Table 3) . In most patients, those overall scores were higher with T 1 -FLAIR-BLADE than T 1 -SE (Table 4 ). In only one of 11 cases at 3T was visibility of the cerebral gyri judged to be inferior with T 1 -FLAIR-BLADE than T 1 -SE by one of the 2 observers (Table 4 , Fig. 2 ). Original scores regarding visibility of the cerebral gyri at the 3 diŠerent slice levels were either signiˆcantly higher (Pº0.05) or tended to be superior (P＝0.10 on slice 1 for Observer 1 and P＝0.05 on slice 2 for Observer 1) with T 1 -FLAIR-BLADE compared to T 1 -SE at 1.5T (Table 5 ). At 3T, those original scores at the 3 diŠerent slice levels were always signiˆcantly higher (Pº0.05) with T 1 -FLAIR-BLADE than T 1 -SE for both observers ( Table 5) .
The overall scores regarding the contrast between gray and white matter were signiˆcantly higher (Pº0.05) with T 1 -FLAIR-BLADE than T 1 -SE at both 1.5 and 3T for both observers (Table 3) . Those scores were higher with T 1 -FLAIR-BLADE than T 1 -SE for all 9 cases at 1.5T and all 11 cases at 3T (Table 4) . Original scores regarding contrast at the 3 diŠerent slice levels were signiˆcantly higher (Pº0.05) with T 1 -FLAIR-BLADE than T 1 -SE at both 1.5 and 3T for both observers, except for one comparison on slice 1 at 3T for Observer 2, in which only a trend towards superiority (P＝0.06) of T 1 -FLAIR-BLADE to T 1 -SE was found ( Table 5 ). The diŠerence in contrast between gray and white matter between T 1 -SE and T 1 -FLAIR-BLADE tended to be larger on slice 3 (level of posterior cranial fossa) than the other 2 slices at both 1.5 and 3T for both observers (Fig. 3) .
Discussion
In the present clinical study of pediatric patients who underwent brain MR imaging without remaining still, overall image quality of T 1 -FLAIR-BLADE was superior to that of conventional T 1 -SE in terms of the visibility of the cerebral gyri and contrast between gray and white matter. The results indicate that T 1 -FLAIR-BLADE eŠectively reduced motion artifacts and provided good visualization and distinction between diŠerent anatomical structures in this setting. This result is important because non-contrast-enhanced T 1 -weighted imaging is indispensable for pediatric brain imaging to diagnose several clinically important lesions including cortical malformations, loss of white matter volume, and metabolic disorders.
T 1 -FLAIR-BLADE constitutes 2 diŠerent techniques in addition to T 1 -SE: BLADE as an alternative k-space trajectory technique to reduce gross motion artifacts and inversion recovery (FLAIR) to adapt BLADE to a T 1 -weighted imaging sequence. These additional techniques may have been responsible for the superiority of T 1 -FLAIR-BLADE to T 1 -SE in our comparison. T 1 -FLAIR in combination to T 1 -SE was previously reported to provide better contrast than T 1 -SE alone. 7 In our volunteer study, in which subjects remained still during imaging, contrast was better with both T 1 -FLAIR and T 1 -FLAIR-BLADE than T 1 -SE at both 1.5 and 3T. Thus, FLAIR may have contributed substantially to the superiority of T 1 -FLAIR-BLADE over T 1 -SE with regard to contrast between gray and white matter. On the other hand, the motion correction with BLADE may have been the major contributor to the superiority of T 1 -FLAIR-BLADE over T 1 -SE in terms of visibility of the cerebral gyri in our clinical study. However, both BLADE and FLAIR may have contributed synergistically to both the visibility of the gyrus and the contrast between gray and white matter in the study and provided adequate visibility of the brain parenchyma.
From a clinical point of view, the trade-oŠ between image quality and scan time is often a dilemma. The scan time of the T 1 -FLAIR-BLADE se- Fig. 1 . Representative conventional spin-echo T 1 -weighted imaging (T 1 -SE) (a-c) and T 1 -weighted ‰uid-attenuated inversion recovery brain imaging with BLADE (T 1 -FLAIR-BLADE) (d-f) acquired in a 12-year-old boy at 1.5 tesla, and representative T 1 -SE (g-i) and T 1 -FLAIR-BLADE images (j-l) acquired in a 4-year-old girl at 3T. The images show the 3 slice levels used for image evaluation (a, d, g, j: level of the centrum semiovale; b, e, h, k: level of the cerebral basal ganglia; c, f, i, l: level of the posterior cranial fossa). T 1 -SE images (a-c, g-i) show motion artifacts, whereas T 1 -FLAIR-BLADE images show good suppression of motion artifacts and a more distinct contrast between gray and white matter (d-f, j-l) at both 1.5 and 3T. Conventional spin-echo T 1 -weighted imaging (T 1 -SE) (a) and T 1 -FLAIR-BLADE imaging (b) acquired in a 3-year-old boy at 1.5T. T 1 -FLAIR-BLADE image (b) shows suppression of motion artifacts that were apparent on the T 1 -SE image (a), but a wrap artifact can be seen (arrowheads). This case illustrates well that the BLADE technique is less eŠective when severe head motion occurs. Fig. 3 . Good suppression of pulsation-related artifact at the level of the posterior cranial fossa. Conventional spin-echo T 1 -weighted imaging (T 1 -SE) (a) and T 1 -weighted ‰uid-attenuated inversion recovery brain imaging with BLADE (T 1 -FLAIR-BLADE) imaging (b) acquired in a 9-year-old boy at 3T. T 1 -SE image (a) shows relatively large artifacts from the pulsation of the sigmoid sinus (arrows) that obscured the distinction between gray and white matter. T 1 -FLAIR-BLADE (b) shows good suppression of this pulsation-related artifact and good distinction between gray and white matter. 24 Y. Tachibana et al.
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quence in this study can be regarded as clinically acceptable-2 min 10 s scan time at 1.5T and 2 min 33 s at 3T. The present study also showed the value of T 1 -FLAIR-BLADE at both 1.5 and 3T, which indicates that the technique can be generally adopted in clinical MR imaging practice.
The clinical utility of T 1 -FLAIR-BLADE is somewhat diŠerent at 1.5 and 3T. At 1.5T, it is mainly useful for motion correction, and for 3T, it also improves contrast and restriction of speciˆc absorption rate (SAR). Generally, the contrast of T 1 -SE at 3T is inferior to that at 1.5T. Thus, the im-proved contrast using T 1 -FLAIR-BLADE compared to T 1 -SE is especially important at 3T. Restriction of SAR tends to prolong T 1 -SE scan time at 3T. Therefore, because T 1 -FLAIR-BLADE has smaller restriction in this regard, use of the technique participates in shorter scan time than T 1 -SE in 3T.
T 1 -FLAIR-BLADE appeared to provide the best improvement in gray-white matter diŠerentiation compared to T 1 -SE on slice 3 (level of posterior cranial fossa) at both 1.5 and 3T. Thisˆnding may be explained by the suppression of pulsation artifacts from the venous sinus by the BLADE technique in addition to the suppression of motion artifacts. On T 1 -SE images, the border between the gray and white matter of the cerebellum tends to be aŠected by a pulsation artifact from the sigmoid sinus. Previous clinical studies have shown that a BLADE acquisition can reduce pulsation artifacts from the transverse and sigmoid sinuses at T 2 -FLAIR imaging 6 and contrast-enhanced T 1 -FLAIR in adults. 8 The reduction of this artifact from the venous sinus was also achieved in non-contrast-enhanced T 1 -FLAIR-BLADE in children.
T 1 -FLAIR-BLADE could not achieve higher image quality scores than T 1 -SE in a small minority of cases, perhaps because of the occasional generation of another unique artifact by BLADE (wrap artifact 6 ), especially in those cases with severe head motion (Fig. 2) . The motion suppression algorithms of BLADE are insu‹cient to compensate for motion that occurs perpendicular to the imaging slice. Thus, BLADE cannot completely suppress motion artifacts seen in clinical pediatric scanning.
Our study has several limitations. It was retrospective with a relatively small sample size. In addition, selection was biased because T 1 -FLAIR-BLADE was obtained only when the quality of T 1 -SE was insu‹cient, and excluding this bias was di‹cult because all study imaging was performed as part of routine clinical care. Further randomized study is needed. Also because of clinical management purposes, matrix size and acquisition time diŠered between T 1 -FLAIR-BLADE and T 1 -SE and between the 1.5-and 3T MR imaging systems. Finally, this study focused solely on the demonstration of anatomical structures and image contrast. Further studies are necessary to conˆrm the utility of T 1 -FLAIR-BLADE in the demonstration of pathological lesions.
Despite these limitations, T 1 -FLAIR-BLADE provided adequate image quality in the settings of this study. Because non-contrast-enhanced T 1 -weighted imaging is indispensable in MR imaging of the pediatric brain, we may eŠectively utilize this sequence when patient motion prohibits acquisition of diagnostic images using T 1 -SE. Furthermore, we may replace T 1 -SE with T 1 -FLAIR-BLADE when patient motion prior to MR examination suggests the possibility of excessive patient movement during examination.
Conclusion
Our results suggest that T 1 -FLAIR-BLADE can suppress motion artifacts and may be superior to T 1 -SE in demonstrating brain structures in pediatric patients who cannot remain su‹ciently still during examination. T 1 -FLAIR-BLADE may be used to supplement or even replace T 1 -SE, particularly when patient motion precludes acquisition of diagnostic images by T 1 -SE.
